A drenally produced dehydroepiandrosterone (DHEA) and its sulfated ester (DHEA-S) are the most abundant steroid hormones found in the circulation. These hormones peak during the late teenage years and steadily decrease by 10% per decade thereafter.
A drenally produced dehydroepiandrosterone (DHEA) and its sulfated ester (DHEA-S) are the most abundant steroid hormones found in the circulation. These hormones peak during the late teenage years and steadily decrease by 10% per decade thereafter. [1] [2] [3] [4] As a result, healthy elderly men and women have lower DHEA and DHEA-S levels than younger healthy individuals. Levels are low or almost undetectable in women with primary hypoadrenalism due to Addison disease or in those who have undergone bilateral adrenalectomies. Although DHEA is not required for survival, it is known to be a precursor of sex hormones and is converted into androgens and estrogens in peripheral tissues. 5 Its other physiologic functions in healthy adults remain unclear. A recent review of the epidemiological associations and effects of replacement of DHEA on body composition, bone density, and muscle function has shown conflicting reports. 6 Studies have examined the effect of DHEA replacement on skeletal muscle strength and lean body mass in patients with low DHEA levels, including those who are hypoadrenal and healthy elderly people. 7, 8 The study of elderly people with low DHEA-S levels showed no improvement of physical performance, body composition, insulin sensitivity, or bone density. 8 However, the studies of elderly patients cannot be translated to hypoadrenal patients, who have markedly lower DHEA-S levels. Levels of DHEA-S decrease with age, reducing skeletal muscle oxidative capacity, muscle protein synthesis, and exercise performance. 9, 10 Whether DHEA replacement improves these muscle functions in hypoadrenal women with low DHEA-S levels remains to be determined.
The low or absent levels of DHEA or DHEA-S found in women who have Addison disease or who have undergone adrenalectomy may contribute to the decline in their muscle mass and function. Although short-term resistance exercise programs significantly improve skeletal muscle mass, 11 small changes in muscle mass after short-term therapy with DHEA may not have been detected and so not reported in previous studies. Measurement of muscle protein synthesis responds more intensely to short-term intervention and may be a better method of detecting these changes. 12 Recent studies of DHEA replacement in an addisonian population showed an increase in truncal lean body mass, 13 and other OBJECTIVE: To determine whether dehydroepiandrosterone (DHEA) replacement therapy in hypoadrenal women improves performance, muscle protein accretion, and mitochondrial functions.
PARTICIPANTS AND METHODS:
Thirty-three hypoadrenal women were enrolled in the study from May 1, 2002, through May 31, 2003 . Twenty-eight completed a 12-week, prospective, randomized, placebo-controlled, crossover study with either daily placebo or 50 mg of DHEA with a 2-week washout period and then crossed over to the other treatment. Body composition, physical performance, whole-body and muscle protein metabolism, and mitochondrial functions were determined.
RESULTS:
Administration of DHEA significantly increased plasma levels of DHEA sulfate, testosterone, and androstenedione but did not change body composition, muscle strength, peak aerobic capacity, and whole-body protein turnover or synthesis rates of mitochondrial, sarcoplasmic, or mixed muscle proteins. Muscle mitochondrial oxidative enzymes and messenger RNA (mRNA) levels of genes encoding mitochondrial proteins and nuclear transcription factors did not change after DHEA administration. However, mRNA levels of muscle myosin heavy chain 1 (P=.004), which determines muscle fiber type, and those of insulinlike growth factor binding proteins 4 and 5 significantly decreased (P=.02 and P=.03, respectively).
CONCLUSION: Three months of DHEA administration increased DHEA sulfate and androgen levels but had no effect on physical performance, body composition, protein metabolism, or muscle mitochondrial biogenesis in hypoadrenal women. However, lowering of mRNA levels of binding proteins of insulinlike growth factor 1 and myosin heavy chain 1 suggests potential effects of longterm treatment with DHEA on muscle fiber type. investigators showed that DHEA given to a healthy elderly population led to increasing strength after weight training 14 ; however, no detailed explanation for possible mechanisms was offered. The current study measured muscle protein synthesis rates to determine whether DHEA replacement affected skeletal muscle protein synthesis rates, accounting for this anabolic effect. In elderly people, muscle mitochondrial function declines as levels of DHEA decrease. However, relatively short-term aerobic exercise programs improved mitochondrial oxidative capacity in elderly people. 15 In the current study, we assessed whether administration of DHEA for 3 months to DHEA-deficient patients would improve mitochondrial biogenesis.
Muscle functions and performance depend on mitochondrial function and the composition of contractile proteins, such as the isoforms of the myosin heavy chain (MYH). We therefore determined whether DHEA replacement therapy increases levels of muscle mitochondrial enzymes, mitochondrial-related proteins, and transcription factors, as well as levels of MYH isoforms in messenger RNA (mRNA) and fractional synthesis rates (FSRs) of mitochondrial and sarcoplasmic fraction of muscle proteins.
The aim of our study was to test the hypothesis that 12 weeks of DHEA replacement therapy in hypoadrenal women with profoundly low levels of DHEA would improve muscle strength and muscle metabolic processes. These women were also prescribed a standardized glucocorticoid replacement regimen.
PARTICIPANTS AND METHODS
This single-center study had a randomized, placebo-controlled, crossover design. The study protocol and consent form were approved by the Mayo Clinic Institutional Review Board. All experiments conducted conformed to the standards set by the latest revision of the Declaration of Helsinki. Written informed consent was obtained from all volunteers. Participant characteristics and inclusion and exclusion criteria have been previously described in an article showing that DHEA replacement therapy increased insulin sensitivity. 16 Of the 33 hypoadrenal women randomized from May 1, 2002, through May 31, 2003, 28 (85%) completed the study. The 5 remaining participants withdrew for the following reasons: 3 withdrew without completing the first arm of the study (1 because of diarrhea, 1 because she unblinded herself, and 1 because of pressure at work; all while taking DHEA), and 2 withdrew after completing the first arm of the study (both while taking placebo).
The mean ± SD age of the 28 study participants who completed the study was 50.3±15.9 years, and the mean ± SD body mass index (calculated as the weight in kilograms divided by height in meters squared) was 27.0±4.4. Fourteen women were postmenopausal, with a mean ± SD length of time being hypoadrenal of 12.3±1.9 years. Twenty women (71%) had primary Addison disease and other diagnoses, including bilateral adrenalectomy due to Cushing syndrome (n=5), benign bilateral pheochromocytomas (n=1), and congenital adrenal hyperplasia (n=1).
The same women received 12 weeks each of both placebo and DHEA. A total of 50 mg of pharmaceutical-grade micronized DHEA (Medisca, Plattsburgh, NY) or identically encapsulated placebo containing lactose (Clinical Encapsulation Services, Schenectady, NY) was self-administered as a single daily dose for 12 weeks each with a 2-week washout period between treatment phases. The chemical purity of DHEA (95% pure on analysis) was tested before preparing capsules.
At screening, routine hematology and biochemistry tests were conducted to assess general health. Further blood tests included measurement of levels of DHEA-S, androstenedione, and bioavailable testosterone. Before the first phase of the study, participants underwent a standard submaximal treadmill stress test to exclude cardiorespiratory abnormalities. All participants received hydrocortisone given in divided doses (mean ± SD total daily dose, 24.9±7.1 mg) to minimize the potentially confounding effects of different glucocorticoid replacement regimens. Eight participants had previously been taking prednisone (mean ± SD daily dose, 4.5±1.4 mg). At the end of the first period of drug administration, the participants were admitted to the General Clinical Research Center (currently called the Clinical Research Unit of the Mayo Clinic Center for Translational Science Activities). Participants had indirect calorimetry measured for 30 minutes. They then underwent peak oxygen consumption (V · O 2peak ) testing by using a stationary bicycle. 17 Participants performed upper and lower body strength tests. Participants were asked to perform a series of 1 to 3 repetitions of seated chest press, bicep curl, knee extension, and leg curl, at higher resistance loads, until the 1-repetition maximum for each participant was determined. Static strength test was assessed by peak handgrip. At the end of the 12-week period, there was a 2-week washout period followed by administration of the alternative preparation for 12 weeks. Participants were studied in an identical fashion to the previous visit.
TRACER INFUSION
Insulin infusion has previously been shown to increase the synthesis rates of skeletal muscle mitochondrial proteins in healthy volunteers. 18 For this reason, as well as to assess insulin sensitivity, 16 a hyperinsulinemic (1.5 IU/kg of fatfree mass [FFM] per minute) euglycemic clamp was used in the current study. 19, 20 For personal use. ] tyrosine were then continued at 1.6 mg/kg of FFM per hour and 0.6 mg/kg of FFM per hour, respectively. Infusions lasted for 10 hours, with skeletal muscle needle biopsy specimens being taken at 3 hours and 10 hours after the start of the tracer infusions.
MUSCLE BIOPSIES
With the patient under local anesthesia, vastus lateralis muscle samples (approximately 300 mg each) were obtained using a percutaneous needle as previously described. 21, 22 The first biopsy was performed before the start of the insulin infusion at 7:00 AM. The second biopsy specimen was taken from the contralateral aspect of the thigh after 7 hours. ] tyrosine levels was measured using a gas chromatograph/mass spectrometer as previously described. 23, 24 Calculation of phenylalanine flux, tyrosine flux, phenylalanine conversion to tyrosine, and phenylalanine incorporation into protein (protein synthesis) was also performed as previously described. 23, 24 A 150-mg portion of each muscle sample was used for the isolation of mitochondrial and sarcoplasmic protein fractions by differential centrifugation. 22, [25] [26] [27] Isotopic enrichments of [ 15 N] phenylalanine in muscle proteins were determined using gas chromatography-combustion-isotope ratio mass spectrometry (Finnigan MAT, Delta Plus; Finnigan Corporation, San Jose, CA). 28 Muscle tissue fluid tracer enrichment and plasma amino acid enrichment were measured as previously described. 29 The FSR of mixed muscle protein and mitochondrial and sarcoplasmic proteins was calculated using the following equation 30 : FSR (%/h) = 100 × (E 10h -E 3h )/(E TF × t), where (E 10h -E 3h ) represents the increment in amino acid enrichment in muscle protein between 3 and 10 hours of infusion, E TF is the average enrichment of amino acids in muscle tissue fluid taken from the 3-and 10-hour biopsy specimens, and t is the time of incorporation between the 2 biopsies (in this study, 7.0 hours; mean, 6.9 hours; 95% confidence interval, 6.8-7.0 hours).
WHOLE-BODY PROTEIN TURNOVER AND MUSCLE PROTEIN SYNTHESIS

MITOCHONDRIAL ENZYME ACTIVITIES
Maximal enzyme activities of citrate synthase and cytochrome c oxidase (COX) were measured in the tissue homogenate and in the mitochondrial pellet using photospectrometric analyses as previously described. 18, 26 Protein concentrations in the tissue homogenate and the mitochondrial pellet were measured using a commercial kit (Detergent Compatible Protein Assay; Bio-Rad, Hercules, CA).
METABOLITE CONCENTRATIONS
Plasma levels of amino acids were measured with a highperformance liquid chromatography system (HP 1090, 1046 fluorescence detector and cooling system; Hewlett-Packard, Palo Alto, CA). 31 Glucose was analyzed on site using an enzymatic technique (Beckman Instruments, Fullerton, CA).
HORMONAL ASSAYS
Free and total insulinlike growth factor (IGF) 1, IGF binding protein (IGFBP) 1, IGFBP3, and sex hormone-binding globulin were measured using a 2-site immunoradiometric assay. Levels of DHEA-S were measured using a competitive radioimmunoassay; androstenedione was measured by direct radioimmunoassay. These assays were from Diagnostic Systems Laboratories (Webster, TX). Testosterone was measured with the Coat-A-Count radioimmunoassay (DPC, Los Angeles, CA).
MESSENGER RNA QUANTIFICATION
Messenger RNA extractions were performed on frozen muscle samples from individual study participants as previously described. 11, 19, 32 A real-time quantitative polymerase chain reaction (PCR) system (PE Biosystems, Foster City, CA) was used to measure MYH1; MYH2; transcription factor A, mitochondrial (TFAM); peroxisome proliferator-activated receptor-γ coactivator 1α (PPARGC1A); COX subunits 3 and 4; and reduced nicotinamide adenine dinucleotide phosphate 4 (NADH4) mRNAs. The signal for the 28S ribosomal RNA was used to normalize against differences in RNA isolation and RNA degradation and in the efficiencies of the reverse transcription and PCRs. The final quantitation was achieved with a relative standard curve.
11
The sequences for MYH oligos 11 and TFAMs 32, 33 have been previously published.
STATISTICAL ANALYSES
Randomization of treatment orders assigned to study participants was performed independently by the Division of Biostatistics at Mayo Clinic. Because this was a crossover study, participants acted as their own controls. The data presented in this article were part of a larger study that also examined the effects of DHEA replacement on the mood, memory, and sexual well-being of hypoadrenal women. The power calculation for the larger overall study was based on previous data using the visual analog scale for sexuality assessment used by Arlt et al. 34 They showed that changes in components of the scales of sexual activity had SDs ranging from 23.8 to 29.9. On the basis of this, paired t tests at the 5% level have 80% power to detect changes of 13.9 to 19.0 or 40.3% to 50.7% of baseline values with 25 individuals. Arlt et al 34 observed within-participant changes of this magnitude in individuals receiving DHEA treatment.
Changes in skeletal muscle physiologic function were assessed after 12 weeks of placebo and 12 weeks of DHEA. Paired t test and Wilcoxon signed rank sum test were used for analyses. Data are given as mean ± SD. Pearson product correlations were used to determine the strength of association for selected variables. Significant effect for all tests was accepted at P<.05.
RESULTS
HORMONE LEVELS
The hormonal results have previously been published. 16 In summary, DHEA treatment significantly increased serum DHEA-S levels. Significant increases were also seen in levels of bioavailable testosterone and androstenedione, whereas the level of sex hormone-binding globulin was reduced by DHEA treatment.
BODY COMPOSITION, STRENGTH TESTS, EXERCISE PERFORMANCE, AND INDIRECT CALORIMETRY TESTS
Dehydroepiandrosterone treatment had no effect on percentage of fat, FFM, bone mineral density, or upper and lower extremity strength (as determined by performance on handgrip, biceps curl, chest press, leg curl, and leg press) ( Table 1) . Indirect calorimetry, respiratory quotient, and resting energy expenditure showed no changes in response to DHEA treatment. Stationary bike testing of V · O 2peak , peak bike power, and heart rate also showed no significant differences between DHEA and placebo. Data are shown in Table 2 .
PROTEIN TURNOVER, PROTEIN FSRS, AND MUSCLE MRNA
In whole-body protein turnover, no significant differences were noted for phenylalanine or tyrosine flux; phenylalanine conversion to tyrosine, representing the catabolic fate of phenylalanine; and phenylalanine incorporation into pro- Figure) , but no significant differences were noted for MYH2 and MYH2X. A significant decrease in mRNA levels of IGFBP4 and IGFBP5 was noted, but no changes in IGF1 or androgen receptor were observed.
DISCUSSION
The current study shows that 50 mg of once-daily DHEA administration in hypoadrenal women aged 20 to 80 years for 3 months had no significant effects on energy metabolism, V · O 2peak , muscle strength, muscle protein synthesis, or mitochondrial enzymes. However, DHEA replacement reduced skeletal muscle mRNA expression of MYH1, IGFBP4, and IGFBP5 but had no effect on mRNA levels of selected nuclear and mitochondrial genes encoding mitochondrial proteins and transcription factors. After DHEA replacement, DHEA-S levels in these women 16 increased to the high levels that are commonly observed in young people. 8 Little work has been done on physical performance or skeletal muscle protein synthesis rates in hypoadrenal women. An animal study has shown that adrenalectomy per se does not affect skeletal muscle protein synthesis rates. 35 The lack of effect of DHEA on muscle function in our study is in agreement with previous studies performed in elderly people with low DHEA levels who were receiving DHEA replacement therapy. 8, 36 Our findings are also consistent with those of another study of postmenopausal women in whom DHEA administration offered no additional benefits to the exercise program. 37 However, they contradict those of a recent study 14 showing that supplemental DHEA administration for 6 months in elderly people modestly enhances resistant exercise-induced increases in muscle mass.
Consistent with the lack of effect on muscle strength and body composition, DHEA replacement did not affect mixed muscle, sarcoplasmic, or mitochondrial protein synthesis. Previous work has shown that testosterone replacement enhances muscle protein synthesis in hypogonadal men, 38 but the current study shows that, despite an increase in levels of androgens such as bioavailable testosterone, DHEA replacement did not affect muscle protein synthesis in hypoadrenal women. Muscle protein synthesis was not stimulated by a modest increase in testosterone for 2 possible reasons. First, the effect of testosterone on muscle protein synthesis may be dose dependent, and so higher testosterone levels may have increased muscle protein synthesis. A dose effect of testosterone has been previously reported. 39, 40 Second, testosterone may not affect muscle protein synthesis in women.
The decrease in MYH1 mRNA with DHEA replacement is of great interest because aging, characterized by DHEA deficiency, is associated with a decrease in MYH2 and MYH2X mRNA expression with no effect on MYH1. 41, 42 In type 1 muscle fibers, MYH1 protein expression is higher, and MYH1 mRNA expression is higher in older people. 11, 43 Our study shows that MYH1 mRNA expression decreases in muscle with DHEA replacement therapy; however, the functional implications of this observation remain unclear. Because MYH1 is a protein with a slow synthesis rate, 42 alteration of its composition in muscle and associated functional changes may take longer than mRNA changes.
Our results showing the lack of effect of DHEA on energy expenditure using indirect calorimetry are consistent with previous animal and human data. 7, 44 The lack of any effect of DHEA on energy metabolism at the wholebody level is consistent with the observation in muscle mitochondrial metabolism. Muscle mitochondrial function as assessed by enzyme activities was not affected by DHEA replacement. The enzymes COX and citrate synthase were measured because they form an integral part of the electron transport chain and adenosine triphosphate production. Mitochondrial enzyme activity can be used as a surrogate for DHEA production capacity 26 ; thus, it is unlikely that DHEA affects adenosine triphosphate production. This may account for the lack of change in physical performance seen with V · O 2peak or skeletal muscle strength. Moreover, mRNA levels of mitochondrial proteins encoded by nuclear and mitochondrial genes were not altered by DHEA replacement therapy. The mRNA levels of mitochondrial transcription factors, PPARGC1A, nuclear respiratory factor 1, and TFAM also remained unchanged between the DHEA and placebo arms of the study, helping elucidate an integral part of the mechanism responsible for mitochondrial DNA transcription and replication. 45 These transcription factors have been shown to be key regulators of exercise-induced mitochondrial gene expression and thus oxidative capacity. 46 In our study, DHEA replacement therapy affected neither mRNA levels of these nuclear transcription factors nor mitochondrial function.
Of note, although mRNA levels of IGF1 did not change, mRNA levels of IGFBP4 and IGFBP5 decreased. The expression of these proteins has a key role in the biological action of IGF1 in muscle. 47 Although DHEA administration did not change plasma levels of IGF1 or its binding proteins (IGFBP1 and IGFBP3) , 16 the possibility that IGF1 could affect muscle in the long term cannot be excluded.
Our study has some limitations. All our volunteers were white, and most came from a tertiary care referral center; as such, referral bias is a possibility. However, more than a third of our participants (n=10) had never been seen at Mayo Clinic. It is difficult to know whether systematic differences existed between those who did not respond to our invitations to participate in the study and those who took part. Our study included participants with a wide range of ages, and the results should therefore be applicable to white hypoadrenal women older than 18 years; they are likely representative of the female hypoadrenal population as a whole. Whether these results can be applied to other groups, such as people with low DHEA levels and normally functioning adrenal glands or men, remains open to question. The importance of the current study is that maintenance of DHEA-S levels for 3 months in DHEA-deficient women offered an opportunity to assess the physiologic role of DHEA in women, who, unlike men, have very low androgen levels.
CONCLUSION
The current study shows that 50 mg of DHEA given once daily for 3 months to hypoadrenal white women receiving standardized glucocorticoid replacement therapy had no effect on measures of physical strength, exercise capacity, or skeletal muscle protein synthesis and mitochondrial function. No measurable changes in body composition, protein metabolism, physical performance, or muscle mitochondrial biogenesis were noted with DHEA replacement therapy. However, DHEA administration reduced the mRNA expression of IGFBP4, IGFBP5, and MYH1, indicating potential long-term physiologic and anatomic effects.
In the United States, unlike Europe, DHEA remains freely available over the counter as a "health food supplement." This is despite the fact that DHEA is not a food and does not naturally appear in the human food chain and that no foodstuff can carry out its physiologic role. Although DHEA has been shown to increase insulin sensitivity modestly and alter lipid profile favorably in hypoadrenal women, the results of the current study show no appreciable effects of DHEA on physical performance in these women. Because the study lasted only 3 months, it could not fully determine long-term effects; it did, however, suggest a potential effect of DHEA on muscle fiber type and IGF1 action.
